Triangle singularity appearing as X(3872) in B → (J/ψπ + π − )Kπ X(3872) has been an outstanding candidate of exotic hadrons beyond the conventional quarkantiquark picture, and invited extensive studies. Yet, we still have not seen a clearcut explanation, which does not resort to fine-tuning uncertain hadron dynamics, of the well-established properties of X(3872) such as its mass and width. In this work, we consider a triangle diagram for B → (J/ψπ + π − )Kπ where a X(3872) peak has been observed experimentally. We demonstrate that a triangle singularity inherent in the triangle diagram creates a sharp peak in the J/ψπ + π − invariant mass distribution. The position and width of the peak is 3871.71 MeV (∼30 keV above the D * 0D0 threshold) and ∼0.5 MeV, respectively, in perfect agreement with the precisely measured X(3872) mass and width: 3871.69 ± 0.17 MeV and < 1.2 MeV. This result is virtually parameter-free because the triangle singularity is a kinematical effect and does not depend on details of hadron dynamics. Although this work is limited to one of several processes where X(3872) has been observed, X(3872) as manifestations of triangle singularities is now a promising option.
X(3872) is a peculiar hadronic "state". Its mass is almost exactly on the D * 0D0 1 threshold, being significantly deviated from the conventional picture of a quarkantiquark bound state [1] . Its width is very narrow. Its decays seem to significantly violate the isospin symmetry. For these peculiarities, X(3872) has been speculated to be an exotic particle and have invited extensive studies; see Refs. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] for reviews. Experimentally, it has been observed not only in B meson decays where it was discovered [12, 13] , but also in pp andpp collisions [14] [15] [16] and e + e − annihilations [17] . X(3872) has been confirmed to decay into several channels such as J/ψρ 0 (ρ 0 → π + π − ) [12] [13] [14] [15] [16] [17] , J/ψω [18, 19] , J/ψγ [20] , D * 0D0 [21] , and more.
Many theoretical attempts have been made to understand what X(3872) consists of. Because of the proximity of its mass to the D * 0D0 threshold, a D * 0D0 molecule is a popular idea [22, 23] . However, a pure molecule picture makes it difficult to understand its formation rate in the hadron collider experiments [24] . Thus a superposition of the molecule with an excited charmonium is considered more plausible [24] [25] [26] . The latest Lattice QCD [27, 28] found a state that could be identified with X(3872), and disfavored diquark-antidiquark interpretations [29, 30] . Yet, it seems difficult to reach a consensus on the structure of X(3872) within the so-far proposed ideas (except for Lattice QCD) because of lots of unknowns concerning the relevant hadron dynamics, and one may fine-tune them to reproduce available data.
In this work, we propose a scenario on the nature of X(3872) which is completely different from any of the previous ones. The scenario is based on triangle diagrams depicted in Fig. 1 for B → ψV Kπ (ψ = J/ψ, ψ ′ and V = ρ 0 , ω, γ) where a X(3872) peak has been observed 1 Charge conjugates are implied throughout. experimentally [31, 32] . We demonstrate that the triangle singularity (TS) inherent in the triangle diagrams generates an exactly X(3872)-like peak in the ψV invariant mass spectrum. What makes the scenario very convincing is that we can exactly explain the precisely measured X(3872) mass and width values without any fine-tuning of the model parameters. Although this work is limited to one of several processes where X(3872) has been observed, it certainly sets a starting point towards a complete understanding of X(3872) as manifestations of TSs.
A TS happens from a triangle diagram like Fig. 1 only if a special kinematical condition is realized: all three internal particles are simultaneously on-shell and their momenta are collinear like in a classical process [33] [34] [35] . The TS can significantly enhance the amplitude, and can show up as a bump in, for example, ψV and ψV π invariant mass distributions of the processes in Fig. 1 . For mathematical details and practical use, we refer the readers to Ref. [36] . Attempts have been made to interpret some XY Z exotic candidates as bumps due to TSs [37-
The diagrams cause triangle singularities to generate a sharp peak in ψV invariant mass (M ψV ) distributions at M ψV ∼ 3.872 GeV.
47].
Recently, Guo [48] and Braaten et al. [49] [50] [51] studied triangle diagrams similar to Fig. 1 . Although the considered diagrams look similar, this work and Refs. [48] [49] [50] [51] have a distinct difference from the starting point. While Refs. [48] [49] [50] [51] considered X(3872) as a quasistable (bound, resonant, or virtual) state in their working hypothesis and utilized the TS as an amplifier of X(3872) productions, this work assumes the non-existence of X(3872) as a quasistable state and shows that the TS itself creates a X(3872)-like peak in the spectrum.
The B 0 → ψV K + π − amplitude from the triangle diagrams of Fig. 1(a) can be written, in the ψV π − centerof-mass frame, as
where q is a loop momentum. The invariant mass of the ψV π − subsystem is denoted by W , while the energy of a particle x is E x which depends on the particle mass (m x ) and momentum (p x ) as E Fig. 1(b) is similar. We use values from the Particle Data Group (PDG) [52] for the particle masses (m x ), except for the final vector meson (V ) for which our treatment will be discussed later. We emphasize that mass differences between the isospin partners such as (π ± , π 0 ), (D + , D 0 ), and (D * + , D * 0 ), must be taken into account because they are essentially important whether or not a TS exists in the triangle diagrams.
Regarding the D * ± decay width, we use the central value of the PDG average, Γ D * ± = 83.4±1.8 keV [52] . On the other hand, the D * 0 decay width has been given an upper limit only, Γ D * 0 < 2.1 MeV [52] . Thus we use Γ D * 0 calculated by assuming the isospin symmetry between D * + → D + π 0 and D * 0 → D 0 π 0 , and also by taking account of the experimentally determined branching to D * 0 → D 0 γ [52] . We obtain Γ D * 0 = 55 keV which is very similar to those derived previously [48, 53] .
where ǫ x denotes the polarization vector for a vector meson x. The ψV pair coming out of this interaction has the spin-parity J P = 1 + because of the spin combination specified by the interaction. Thus, if the ψV pair generates a bump in the invariant mass (M ψV ) distribution, the pair seems like a decay product of a resonance of J P = 1 + , the spin-parity of X(3872). We have used in Eq. (2) dipole form factors f 01 xy (p); see Eq. (4) of Ref. [45] for the parametrization. We use the cutoff Λ = 1 GeV in the form factors throughout unless otherwise stated. The coupling strength for the interaction of Eq. (2) is little known and thus left arbitrary. Microscopically, this contact interaction can be viewed as an axial vector D 1meson exchange or a quark exchange mechanism [22] . X(3872) is not included in v ψV ;D * 0D0 as a quasistable state.
The vertex function for D * − →D 0 π − is denoted by ΓD0 π − ,D * − in Eq. (1), and its explicit form is taken from Eq. (3) of Ref. [45] . The coupling strength of ΓD0 π − ,D * − is determined to fit the partial decay width for D * − →D 0 π − [52] . The B 0 → D * − D * 0 K + decay vertex in Eq. (1) is expressed with two vertex functions as
where "states" R have been introduced just for conveniently representing J P of the D * − D * 0 pair; R is not a propagating state. We consider J P = 0 + and s-wave for the D * − D * 0 pair; the other J P does not change the main conclusion which is essentially determined by the TS. Regarding the B 0 → D * − D * 0 K + vertex strength, Ref. [54] reported a fairly large branching:
However, this data is not very useful to constrain the B 0 → D * − D * 0 K + amplitude in question. This is because only the amplitude at M D * − D * 0 ∼ m D * − + m D * 0 is relevant, and this relevant amplitude would contribute only a small fraction to the above branching ratio. A threshold enhancement could also be happening as in e + e − → D * D * [55] . Thus we leave the vertex strength arbitrary. The double differential decay width, dΓ B→ψV Kπ /dW dM ψV , is calculated with the decay amplitude of Eq. (1) in a standard manner (see Appendix of Ref. [56] for details). For the case of V = ρ 0 , ω, we take account of their decays to π + π − and π + π − π 0 , respectively. Thus the final expression for the double differential decay width for V = ρ 0 is given by
whereW ≡ W − E ψ − E π and the ρ 0 nominal mass (m ρ 0 = 775 MeV) is used only in E ρ 0 = m 2 ρ 0 + p 2 ρ 0 . The total and partial ρ 0 decay widths are denoted by Γ ρ 0 and Γ ρ 0 →π + π − , respectively, and the M ππ dependence is given by Γ ρ 0 /Γ ρ 0 = (q/q) 3 Fig. 1(a) andΓ ρ 0 = 150 MeV. The decay formula for V = ω is similar. We show in Fig. 2(a) the M J/ψπ + π − distributions of the double differential decay width dΓ B 0 →J/ψπ + π − K + π − /dW dM J/ψπ + π − , defined in Eq. (4), from the triangle diagram of Fig. 1(a) . The prominent feature of the spectrum is a very sharp peak at M J/ψπ + π − ∼ 3871.7 MeV, exactly falling on the precisely measured X(3872) mass: 3871.69 ± 0.17 MeV [52] . We stress that the peak position and the narrow width given by the triangle diagram of Fig. 1(a) is virtually parameter-free. The cutoff dependence over Λ = 0.5 − 2 GeV has been confirmed not to significantly change the position and shape of the peak, and the other arbitrary parameters can change only the overall normalization. This stability stems from the facts that: (i) the peak is solely due to the TS because the tiny D * width puts the TS very close to the physical region; (ii) the TS does not depend on dynamical details.
In Fig. 2(a) , we show the distributions at three different W values, indicating the acute sensitivity of the spectrum shape to W . Integrating the spectra over M J/ψπ + π − gives dΓ B 0 →J/ψπ + π − K + π − /dW which is shown in Fig. 3 by the red solid curve. The spectrum sharply rises and peaks slightly above the D * − D * 0 threshold, and then slightly falls off. Because the W dependence of the spectra in Fig. 2(a) is particularly strong around the peak, we expect an even stronger W dependence of dΓ B 0 →J/ψπ + π − K + π − /dW if we limit the integral with respect M J/ψπ + π − only near M J/ψπ + π − ∼ 3871.7 MeV. This is indeed the case as shown by the blue dashed curve in Fig. 3 .
In the B 0 → J/ψπ + π − K + π − data [31, 32] , the peak at M J/ψπ + π − ∼ 3.872 GeV has been found in dΓ B 0 →J/ψπ + π − K + π − /dM ψπ + π − that is obtained by integrating the spectra in Fig. 2(a) with respect to W . Because we are interested in the peak at M J/ψπ + π − ∼ 3.872 GeV, we may limit the integral range to a region where the peak is clearly visible. We use the integral range of 4.0141 ≤ W ≤ 4.0211 GeV to obtain the red solid curve in Fig. 2(b) . The narrow peak still clearly remains. W dependence of B 0 → J/ψπ + π − K + π − decay rate given by the triangle diagram of Fig. 1(a) . The red solid curve is obtained by integrating the spectrum in Fig. 2(a) with respect to M J/ψπ + π − at each W . The blue dashed curve is obtained similarly but the integral is limited to the range of 3.871 ≤ M J/ψπ + π − ≤ 3.8725 GeV. For a better visibility, the blue dashed curve has been scaled by a factor of 6. The vertical line indicates the D * − D * 0 threshold.
To see the peak position and width quantitatively, we simulate the spectrum with the conventional resonance(X)-excitation mechanism, B → XKπ followed by X → ψV , and determine the Breit-Wigner mass and width of X. We also add a coherent background contribution given by an adjustable quadratic polynomial of M J/ψπ + π − . The result of the fit is shown by the blue dashed curve in Fig. 2(b) . Because the spectrum shape is rather different from the Breit-Wigner shape, the quality of the fit is not very good near the tail. Still the obtained Breit-Wigner parameters would be useful to characterize the peak, and are presented in Table I in comparison with the PDG value. The parameters from the triangle diagram of Fig. 1(a) are very stable against changing the cutoff values, and in excellent agreement with the precisely measured counterparts. Within our model, the mass value is ∼30 keV above the D * 0D0 threshold. Although this result does not deny the existence of a possible pole near the D * 0D0 threshold as the Lattice QCD indicates [27, 28] , the TS is likely to be the cause of the X(3872) peak observed experimentally.
We superimpose the spectrum from the triangle diagram of Fig. 1(a) on the Belle data ( Fig. 1(b) of Ref. [31] ) as shown in Fig. 2(c) . The magenta solid curve is obtained by scaling the red solid curve in Fig. 2(b) , and also smearing it using the Gaussian whose standard deviation set to the experimental resolution. A linear background term is also added incoherently to fit the data. The agreement with the data is reasonable.
It is interesting to look into the spectrum of the dipion which, together with J/ψ, creates the X(3872) peak. However, the corresponding data for B → J/ψπ + π − Kπ is unavailable. We thus compare our calculation with available data for B → J/ψπ + π − K [57] . Although the data is from a different process, the comparison would still make sense if the X(3872) peaks in the two processes share a common physical origin. The comparison is presented in Fig. 4 . To make the comparison meaningful, we calculated the dipion spectrum by including only the X(3872) peak region as detailed in the figure caption. The agreement with the data is reasonable, which further supports the validity of our model to explain the X(3872) peak.
The B → (J/ψπ + π − )Kπ data [31, 32] in- ) and width (Γ X(3872) ) for X(3872). The parameters in the second column are extracted by fitting the M J/ψπ + π − spectrum of Fig. 2(b) from the triangle diagram of Fig. 1(a) . The parameter ranges are from the cutoff dependence (Λ = 0.5 − 2 GeV). π + π − invariant mass distributions for B 0 → J/ψπ + π − K + π − given by the triangle diagram of Fig. 1(a) . The π + π − pair is from ρ 0 decay. The distribution is obtained by the integral over 3.871 ≤ M J/ψπ + π − ≤ 3.8725 GeV and 4.0141 ≤ W ≤ 4.0211 GeV. The data is from B → J/ψπ + π − K [57] , and the normalization of the curve is fitted to the data. dicate the ratios,
∼ 0.5, with X(3872) → J/ψπ + π − . While these ratios seem to contradict an expectation based on X(3872) as a quasistable particle [8] , we can infer some reasons based on the TSbased view of X(3872). For example, the latter ratio can be understood because B 0 → X(3872)(K + π − ) NR is from the triangle mechanism of Fig. 1(a) where K + π − is non-resonant (NR), and only a part of pions from D * − →D 0 π − scatter on the spectator K + to form K * 0 .
Experimentally, the X(3872) peaks have been found not only in the M J/ψπ + π − distribution but also in the spectra of M J/ψω , M ψγ , M D * 0D0 , and more. Our triangle model of Fig. 1 produces spectra, apart from the overall normalization, very similar to Fig. 2(a) for all final state indicated in Fig. 1 and its caption. The M D * 0D0 spectrum shape depends largely on the relative size between the triangle mechanism and the tree one in which D * 0 andD 0 do not scatter. Now the question is if the relative size of these different spectra can also be explained with the triangle mechanism; B(X(3872) → J/ψπ + π − )/B(X(3872) → J/ψω) ∼ 1, for example. Because only the triangle diagram including the D * 0D0 pair, where the isospin 0 and 1 states are maximally mixed, is relevant to the X(3872) peak, this ratio does not look isospin-violating. Rather, considering the available phase-space in the processes, the question is to understand how the isospin-0 J/ψω (isospin-1 J/ψρ 0 ) final state gets enhanced (or suppressed). This is a question about the complicated dynamics beyond the scope of this work; our point is to identify the relevant kinematical effect and, consequently, the nature of X(3872). Still we mention that more experimental and Lattice QCD inputs in future would be crucial to understand the relative and absolute branchings from the X(3872) peak. For example, the contact interaction of Eq. (2) should actually be replaced by a non-perturbative scattering amplitude involving coupled-channels such as D * 0D0 , J/ψρ 0 , and J/ψω. While the Lattice QCD [27, 28] indicates a strongly attractive D * 0D0 elastic scattering, it is highly desirable to extract the inelastic scattering amplitudes as well. Also, data for B → D * D * K at M D * D * ∼ m D * +mD * is necessary to constrain the initial vertex of Eq. (3).
In summary, we have demonstrated that the triangle singularity inherent in the triangle diagram of Fig. 1 creates a sharp peak in the J/ψπ + π − invariant mass distribution of B → J/ψπ + π − Kπ. Similar peaks are also created for the other final states indicated in Fig. 1 . The Breit-Wigner fit of the peak results in the mass 3871.71± 0.00 MeV and width 0.51±0.03 MeV which are in perfect agreement with those of X(3872), 3871.69 ± 0.17 MeV and < 1.2 MeV, from the precise measurements. We emphasize that the result is virtually independent of the uncertainty of the model parameters involved. This is because the triangle singularity, which does not depend on dynamical details, determines the peak position and the shape. This work is certainly the starting point of fully understanding X(3872) as manifestations of triangle singularities. To establish this picture, we must identify triangle mechanisms for the other processes, such as B → J/ψπ + π − K and e + e − annihilation, where X(3872) has been observed. The search is underway.
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